We present time-resolved measurements that demonstrate that large amplitude electrostatic instabilities appear in pulsed, expanding helicon plasmas at the same time as particularly strong double layers appear in the expansion region. A significant cross-correlation between the electrostatic fluctuations and fluctuations in the number of ions accelerated by the double layer electric field is observed. No correlation is observed between the electrostatic fluctuations and ions that have not passed through the double layer. These measurements confirm that the simultaneous appearance of the electrostatic fluctuations and the double layer is not simple coincidence. In fact, the accelerated ion population is responsible for the growth of the instability. The double layer strength, and therefore, the velocity of the accelerated ions, is limited by the appearance of the electrostatic instability. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Recent laser induced florescence (LIF) measurements by Chakraborty Thakur et al.
1 of the parallel ion velocity distribution function (IVDF) in an expanding, steady state, argon helicon plasma demonstrated an antenna frequency threshold for the spontaneous formation of a double layer (DL). Downstream of the expansion region, a clear ion beam is seen only for driving frequencies above 12 MHz (Fig. 1) . At lower frequencies, large electrostatic instabilities appear and an ion beam is not observed (Figure 2 ). In the Chakraborty Thakur et al. experiments, all other source parameters such as the magnetic field in the source and expansion chambers, the power supplied to the driving antenna, and the neutral gas pressure were held fixed. Above the antenna frequency threshold, the ion beam appears downstream of the plasma source and the beam velocity increases with decreasing driving frequency. The increase in downstream ion beam velocity with decreasing driving frequency suggests that the ion beam velocity would be even larger at lower driving frequencies (below the threshold), if whatever mechanism that prevents ion beam formation did not shut down DL formation at the threshold antenna frequency.
The hypothesis formulated as a result of those measurements was that the improved RF coupling observed at lower antenna frequencies created a stronger DL, i.e., a higher current ion beam, at lower antenna frequencies and once the DL became too strong, instabilities appeared and the DL collapsed (the specific threshold antenna driving frequency is not the critical parameter, just the improved power coupling that occurs as the antenna frequency is lowered). The accompanying electrostatic fluctuation measurements indicated that the characteristics of the instabilities were consistent with ion acoustic waves. 2 In previous experiments in our laboratory, Biloiu et al. 3 demonstrated that the formation of a DL in pulsed helicon source plasmas occurs within a few milliseconds after the initiation of the discharge. To determine if there is a causal relationship between the DL formation and the observed electrostatic waves, we have performed high time resolution and spatially resolved measurements of the complete IVDF and the floating potential fluctuation amplitude in an expanding helicon source plasma throughout a 100 ms discharge (5 Hz repetition rate, 50% duty cycle).
In its simplest form, a DL consists of two spatially separated charge layers, one positive and one negative. Electrostatically, a DL acts very much like a sheath. However, whereas a conventional sheath appears at the surface of an object inserted into plasma or at plasma boundary, 4 a DL is a freestanding structure and can appear anywhere within the plasma. Ions (electrons) created on the high (low) potential side of the DL are accelerated to the low (high) potential side. Ions (electrons) residing on the low (high) potential side are trapped by the potential barrier. Strong DLs can have potential drops much larger than the electron temperature, e.g., many hundreds of, if not thousands, times the electron thermal energy. [5] [6] [7] [8] [9] Potential drops of less than kT e have also been reported for particular types of DLs, e.g., the slow ion acoustic type double layer. 10 Observed DL thicknesses have ranged from several 11 to thousands of Debye lengths. 6 In laboratory experiments and simulations, DLs are typically produced in systems driven by electric current, externally imposed potential differences, or by externally imposed electron temperature differences. DLs were also observed in freely expanding laboratory plasmas if the plasma source contained both Maxwellian and energetic electrons. 12 Solutions to the Poisson equation that yield a one-dimensional DL in a collisionless plasma are obtained from fluid theory 13 or through a Bhatnagar, Gross, and Krook (BGK) analysis.
14 A key feature of the BGK DL solution is that at least three of the four particle populations, i.e., the free and trapped ions and electrons, must be present.
The free particles, i.e., beams accelerated by passage through the DL, are routinely used as an experimental signature of the presence of a DL.
Through the use of beams as a signature of DL formation, laboratory experiments over the past decade have demonstrated that stationary, current-free DLs form spontaneously in helicon plasmas expanding along a diverging magnetic field when the source is operated at pressures below a few mTorr. [15] [16] [17] [18] In the LIF IVDF measurements shown in Fig. 1 , the stationary downstream ion population (left side of the figure) and the ions accelerated in the double layer (the ion beam) are indicative of a DL upstream of the measurement location. From previous tomographic measurements, we know that the beam and the background ion populations have the same parallel and perpendicular temperatures to within measurement error and are distinct, independent populations. 19 The spontaneous formation of these DLs is observed for a wide range of ion species; 20 in multiple helicon sources in different laboratories; 21, 22 in combination with physical apertures that create additional accelerating sheath-like structures; 23 and through the introduction of strongly electronegative molecules to create a steep and localized electron density gradient. 24 The measurements presented here suggest that instabilities constrain spontaneous DL formation in expanding helicon plasmas. These results may be relevant for all spontaneous DL formation.
II. EXPERIMENTAL APPARATUS
The Hot hELicon eXperiment (HELIX) is a typical linear helicon source with a 1.5 m long hybrid stainless steelPyrex TM vacuum chamber (Fig. 3) . The stainless steel chamber opens into a 4. system operates over a frequency range of 6-18 MHz. Ten water-cooled electromagnets provide a constant and nearly uniform magnetic field of 0-1400 G in the source region. Seven water-cooled electromagnets produce a steady state axial magnetic field of 0-150 G in the expansion chamber. The base pressure of the HELIX-diffusion chamber system is maintained at 10 À7 Torr by three turbomolecular drag pumps. Typical electron temperatures and densities in the steady state-plasma are T e % 4 eV and n $ 1 Â 10 13 cm À3 as measured with a rf compensated Langmuir probe. Plasmas are created at neutral pressures (with rf on) ranging from 0.1 to 100 mTorr. In pulsed mode, the RF power is pulsed on and off at a frequency of 5 Hz with a 50% duty cycle. Additional descriptions of the experimental apparatus may be found in Ref. 25 .
For LIF measurements of the argon ivdf, the ring dye laser-based LIF laser system (see Ref. 26 27 A typical LIF measurement consists of sweeping the frequency of a very narrow bandwidth laser through a collection of ions or atoms that have a thermally broadened velocity distribution function. The illuminated ions or atoms absorb a photon and are pumped into an excited state when the laser appears at the appropriate frequency in their respective rest frames. Measurement of the intensity of the photon emission from the excited state as a function of laser frequency characterizes a typical LIF measurement. As the laser frequency is swept over as much as 60 GHz, the fluorescent emission from the excited state is recorded with a filtered (1 nm bandwidth around the fluorescence wavelength) narrowband, high-gain, Hamamatsu photomultiplier tube (PMT). The ivdf was measured with LIF at several different locations in these experiments. The downstream LIF measurements are obtained using a reentrant probe in LEIA at position #4 shown in Fig. 3 . The reentrant probe consists of an optical fiber with small collection optics inserted into a 2 m stainless steel shaft with a glass-to-metal seal welded to its tip. The probe is inserted close to the DL junction using a tilting port. 28 For these experiments, LIF measurements were accomplished with two different signal acquisition methods. In the first method, the dye laser beam is split and 90% is modulated with an acousto-optic modulator (AOM) at 40 kHz and coupled into a multimode, non-polarization-preserving, optical fiber for transport from the laser laboratory to injection optics aligned along the magnetic axis of the helicon sourceexpansion chamber system. Since the light at the fluorescence wavelength is composed of background spectral radiation, electron-impact-induced fluorescence radiation, and electronic noise a Stanford Research SR830 lock-in amplifier is used to eliminate signals uncorrelated with the laser modulation.
For this first method of signal acquisition, the lock-in and electrostatic signals were averaged over 200 or more plasma pulses and sampled with an 8-bit Tektronix TVS641 waveform analyzer at a digitization rate of 50 kHz. Although the digitization rate can provide, in principle, 20 ls resolution for LIF measurements, the limiting factor is the 1 ms integration time of the lock-in amplifier necessary to obtain adequate photon counting statistics; equivalent to averaging over 10 pulses of the AOM. Additional details regarding LIF in pulsed sources can be found in Ref. 29 . The remaining 10% of the beam is coupled into a high resolution wavelength meter. The wavelength is recorded for each measurement and the laser is actively locked to the target wavelength with a custom proportional-integral-derivative feedback loop during each wavelength step.
The second signal acquisition method was employed to obtain high time-resolution measurements of the IVDF for correlations studies with electrostatic fluctuation measurements. In this case, the 90% of the dye laser light coupled into the multimode, non-polarization-preserving, optical fiber is unmodulated. The remaining 10% of the laser light is again coupled into a high resolution wavelength meter and the wavelength recorded for each measurement while the laser is actively locked to the target wavelength. For the electrostatic wave measurements, a two-tip electrostatic probe is inserted at location #2 shown in Fig. 3 . The probe's two tungsten tips are electrically floating and are not rfcompensated.
The PMT and electrostatic probe time series are recorded at 500 kHz with a LeCroy WaveRunner TM 604Zi oscilloscope. The cross power spectrum between the two time series is obtained from the product of the Fourier transform (FT) of one time series and the complex conjugate of the FT of the other P 12 ðDx; xÞ ¼ jðRefU 1 gRefU 2 g þ ImfU 1 gImfU 2 gÞ þ iðImfU 1 gRefU 2 g À RefU 1 gImfU 2 gÞj; (1) where Dx ¼ x 1 À x 2 ; x 1 , and x 2 are the respective measurement locations, and U 1 is the Fourier transform of time series f 1 (t). The oscilloscope is capable of performing real-time, discrete Fast Fourier Transforms (FFTs) of each time series and storing averages of the real and imaginary parts of the cross spectrum between the two signals. After collecting 500 averages of both quantities to reduce statistical noise, the average, discrete, cross power spectrum is constructed and stored, P 12 ðDx; xÞ ¼ jðRefU 1 gRefU 2 g þ ImfU 1 gImfU 2 gÞ
The large number of averages serves the same noise reducing role as the lock-in amplifier does in the first analysis method. To investigate the correlation between a particular portion of the IVDF, e.g., the bulk and beam populations, and the electrostatic fluctuations, the average cross power spectrum is measured for those laser frequencies at which the bulk and beam populations appear in the IVDF during measurements in steady-state plasmas. To determine the strength of the cross correlation between IVDF components and the electrostatic waves at different times in the pulsed plasmas, discrete FFTs were performed for 10 ms long intervals spaced every 5 ms throughout the discharge. This finite record discrete Fourier transform method has an intrinsic low frequency resolution, Df, limited by the Heisenberg-Gabor uncertainty principle, DtDf ! 1 = 2 , where Dt is the digitization time step. 30 The digitization rate was maintained at 500 kHz to avoid aliasing of waves observed at approximately 20 kHz. Before digitization, the LIF and electrostatic probe signals were processed with a high speed differential amplifier that filtered signals above 215 kHz, blocking the $10 MHz fluctuations created by the rf antenna and thereby avoiding aliasing of frequency components above the Nyquist frequency.
III. OBSERVATIONS IN PULSED HELICON PLASMAS
As noted previously, in steady-state HELIX plasmas, large amplitude, low frequency fluctuations appear at the same threshold antenna frequency for which the DL vanishes. Subsequent time resolved experiments using the first signal acquisition method described above strongly suggested that a correlation exists between the formation of the DL and the growth of electrostatic instabilities. 2 In those time resolved experiments, the complete IVDF and the plasma potential fluctuation amplitude were measured as a function of time throughout pulsed discharges of 100 ms duration (5 Hz repetition rate, 50% duty cycle) for two sets of plasma parameters that in the steady state DL did and did not result in formation of a stable DL (Fig. 4) . For an antenna frequency of 9.0 MHz, a source magnetic field of 1000 G, an expansion chamber magnetic field of 17 G, a rf power of 750 W, and a neutral pressure of 0.98 mTorr (Fig. 4(a) ), a DL appears at the beginning of the plasma pulse. The DL is not stable and by 15 ms into the discharge the DL collapses and then reappears intermittently throughout the rest of the discharge. When the ion beam created by the DL first appears in the measured IVDF, the beam velocity is 8.7 km/s and the background population is smaller than the ion beam population. The background population increases quickly and is much larger than the collapsing ion beam population after a few milliseconds into the discharge. The IVDF measurement includes 80 distinct laser frequencies and was averaged over 200 plasma pulses with a lock-in amplifier integration time of 1 ms (yielding an effective time resolution of a few milliseconds). Shown below the LIF measurements in Fig. 4(a) is the average of 200 measurements of the time-resolved floating potential fluctuation amplitude measured in the plasma source approximately 100 cm upstream of the DL. Note the appearance of a well-defined, coherent oscillation after the large peak in fluctuation amplitude at 21.7 ms into the pulsed discharge. The initial wave amplitude is quite large and the envelope of the fluctuations decays exponentially after the initial large peak. That this coherent fluctuation pattern survives averaging over 200 pulses demonstrates the highly reproducible nature of these pulsed helicon discharges. Just before the large spike in fluctuation amplitude, at 21.5 ms, the ion beam completely vanishes. The time difference between the collapse of the DL (termination of the ion beam) and the peak in fluctuation amplitude, $0.2 ms, is consistent with the 0.14 ms required for a wave to propagate from the DL location to the fluctuation measurement location at the local sound speed.
For the same source magnetic field, the same neutral pressure, but for a larger expansion chamber magnetic field of 33 G (which previous experiments demonstrated lead to reduced ion beam velocity, i.e., a weaker DL 31 ), the ion beam persists throughout the discharge (Fig. 4(b) ). The initial background ion population to ion beam density ratio is greater than 2:1 and the initial ion beam velocity is 7.3 km/s. The floating potential fluctuation amplitude versus time for these plasma conditions is shown below the IVDF measurements in Fig. 4(b) . By 21.7 ms into the discharge, the time at which the large spike in fluctuation amplitude appeared in the stable DL case, the plasma potential fluctuation amplitude is nearly zero and the DL persists throughout the entire discharge. With the caveat of the limited time resolution of the measurements shown in Fig. 4 , an anti-correlation between the fluctuation amplitude and the ion beam amplitude is evident in Fig. 4(a) . When the fluctuation amplitude peaks, the beam amplitude is a minimum; leading to a "ripple" in both the IVDF and wave amplitude versus time.
Establishment of a causal link between DLs and the instability requires that the ion beam population, and not the background ions, show evidence of statistically significant correlation with the instability. Using the smallest lock-in time constant that still yielded useable signal-to-noise levels (300 ls), nearly identical pulsed source parameter settings were identified that yielded no double layer at all and a welldefined, stable DL. The source parameters shared by both cases are: 5 Hz pulse frequency with a 50% duty cycle, a driving frequency of 9 MHz, an upstream magnetic field of 700 G, 750 W rf power measured at the output of the rf amplifier, and a downstream pressure of 10 À5 Torr. Fig. 5(a) is a three-dimensional plot (to show the increased noise levels that arise for sub-ms lock-in time constants) of the measured downstream IVDF for a downstream magnetic field of 34 G, while Fig. 5(b) is for a downstream magnetic field of 17 G. There was a slight difference in the upstream operating pressure (1.8 mTorr versus 1.5 mTorr for Figures 5(a) and 5(b), respectively) that arose from the difference in the downstream magnetic field. The input mass flow rate was the same in both cases. Both pressures were still within ranges typical of those for which DLs have been observed in previous HELIX-LEIA experiments. The DL only appears in the larger mirror ratio case of Fig. 5(b) . The same data are shown as a two-dimensional plot in Fig. 6 , so that the evolution of the ion beam population is easier to see. The ion beam velocity begins at approximately 6.6 km/s (a laser frequency offset of 11 GHz) and increases to velocity of approximately 7.8 km/s (13 GHz). The beam velocity of 7.8 km/s is less than the 8.7 km/s beam velocity that triggered complete collapse of the DL for the case shown in Fig. 4(a) and slightly larger than the beam velocity of 7.2 km/s that resulted in very little electrostatic wave activity (shown in Fig. 4(b) ). Note the presence of an additional, smaller amplitude, ion beam population at a beam velocity of approximately 2.5 km/s (a laser offset of 4 GHz). In hindsight, these IVDF measurements are actually the first observations of the spontaneous generation of multiple energy ion beams in an expanding plasma; a discovery our group recently reported in another manuscript. 32 For the same experimental configuration that results in the DL accelerated ion beam, five hundred averages of the power spectrum for the entire 100 ms time series from one tip of the electrostatic probe are shown in Fig. 7 . A large amplitude fluctuation appears at approximately 17 kHz, roughly the same frequency observed by Chakraborty Thakur et al. for waves identified as ion acoustic waves. 1 Since the power spectrum measurement encompasses the entire plasma pulse, there is no way to determine if the wave exists throughout the entire discharge or if it is in any way correlated with the fluctuations in the DL evident in the ion beam portion of the distribution shown in Fig. 5(b) . For the stable DL case, additional measurements were performed using the second signal acquisition method described above. The laser was locked to the frequencies corresponding to the peak of the background and the peak of the beam signal in Fig. 6 . The raw PMT signal and the electrostatic probe signal were acquired with the same oscilloscope and processed with identical algorithms. After dividing the full time record into 10 ms intervals, the frequency-resolved cross power spectrum (Eq. (2)) between specific ion velocity components (laser frequencies) and the probe fluctuations was determined as a function of time throughout the discharge. Shown in Fig. 8(a) is the time resolved cross power spectrum between the LIF signal at the velocity of the peak of the ion beam and the electrostatic probe averaged over 500 measurements. Shown in Fig. 8(b) is the time resolved cross power spectrum between the bulk of the ion distribution and the electrostatic probe for the same plasma conditions.
For the beam-fluctuation comparison, there is a clear peak near 17 kHz in the cross power spectrum. The 17 kHz feature does not appear until approximately 40 ms into the pulse-the same time at which the beam velocity stops increasing and stabilizes at its largest value in Fig. 6 . Throughout the rest of the pulse, the amplitude of the 17 kHz feature in the cross power spectrum intensifies and fades with some regularity. The centroid frequency of the feature also increases up to approximately 18 kHz by the end of the plasma pulse. Stronger correlations exist at lower frequencies, approximately 300-400 Hz, and the magnitude of the cross correlation at the lower frequencies also increases and decreases throughout the pulse. The cross correlation between the bulk of the ion population and the electrostatic signal (shown in Fig. 8(b) ) averaged over 500 measurements is dramatically different. No statistically significant correlation is observed at any frequencies or times in the discharge. Note that the discontinuities in the intensity versus time are due to the discrete nature of the short-time-Fourier-transform analysis method.
IV. DISCUSSION
The experiments described in this work were designed to address a very specific question, is there a limit to the potential drop across a spontaneously forming double layer in a current-free, expanding plasma? In other words, is there a negative feedback process that regulates the stability of the double layer and the maximum velocity to which ions can be accelerated across the double layer? Previous measurements in steady-state plasmas hinted at a correlation between the strength of a double layer, as measured by the energy gained by ions accelerated by the double layer potential, and the onset of electrostatic instabilities which appeared to suppress double layer formation. Subsequent time-resolved measurements in pulsed plasmas demonstrated clear intermittency of the double layer when the velocity of the ion beam transiting the double layer was comparable to the ion sound speed. These measurements, particularly those shown in Fig. 6 , demonstrate that in the case where a double layer forms in a pulsed, expanding, helicon plasma, the strength of the double layer increases (the ion beam velocity increases) until it reaches a limiting value. Upon achieving that limiting value of double layer potential difference, at a time of about 40 ms into the plasma pulse, strong electrostatic instabilities appear in the plasma. Previous studies have shown these waves to have properties consistent with ion acoustic waves. The appearance of the waves is not mere coincidence as the cross-correlation analysis shows a clear correlation between the time dependence of the wave signal and the ions that are accelerated by the double layer, i.e., the ions that fall through the double layer potential. The bulk ion population exhibits no correlation with the instability signal. If the electrostatic waves were simple drift waves or some other wave driven by gradients in the source plasma, the wave signal would be correlated with fluctuations in the bulk ion population.
We suggest that these measurements are consistent with a model of spontaneous double layer formation that includes a self-limiting condition on the total ion current that can pass through the double layer before an ion acoustic instability is triggered. The implication of such a model is that all spontaneously created double layers, whether in space or laboratory plasmas, are subject to similar constraints on the total allowed current. Very low density systems may be able to achieve very high ion beam velocities and still operate below the current limit. Such a current threshold may also play a role in the common observation in expanding helicon plasmas that the double layers only form below some operating neutral pressure threshold, i.e., an overall plasma density threshold. We note that in his recent review article, Singh 33 suggested that if ion-acoustic instabilities arise in spontaneously forming DLs, the turbulence created by the instability should "eventually disappear, making it possible for the DL and ion beam to reappear, setting up a relaxation type of oscillations [sic] ." The experimental results reported here are completely consistent with such behavior.
